Domestic wastewater discharges may adversely impact arctic ecosystems and local 25 indigenous people, who rely on being able to hunt and harvest food from their local environment. 26
3

Introduction 47
Bacterial antibiotic resistance is an immediate public health concern, broadly 48 acknowledged by governments and health agencies around the world (Ashbolt et al., 2013; 49 Laxminarayan et al., 2013; Rahube et al., 2014) . Antibiotic misuse and overuse in both the 50 agricultural industry and the health-care sector has led to the selection of antibiotic resistant 51 pathogenic bacteria (ARB), thus creating new clinical challenges to treating previously curable 52 bacterial infections (Finley et al., 2013) . Currently, there are no guidelines regarding the 53 presence of antibiotic residues in wastewater, to which they are being introduced by antibiotic 54 manufacturers, through domestic disposal, by medical sectors, and/or through agricultural 55 practices (Finley et al., 2013) . Concerns for human health arises if ARB develop in the 56 environment, including in wastewater treatment plants (WWTPs), through the uptake of 57 antibiotic resistance genes (ARGs) mediated by horizontal gene transfer (e.g., plasmids, 58 integrons, transposons, or gene cassettes) ( 2004). The nutrient rich environment within a WWTP is ideal for microbial growth and may 68 provide conditions that facilitate transfer of resistance genes between microbial communities 69 4 found in the wastewater (Amos et al., 2014) . Recent improvements to WWTPs around the world 70 have focused on the removal of biologically available nitrogen and phosphorus, but they have 71 not been specifically designed to remove antibiotic residues and ARB (Rahube et al., 2014) . 72
In the Canadian Arctic, waste stabilization ponds (WSPs) are the preferred passive 73 system for treating municipal wastewater, while a few communities utilize mechanical systems 74 (Holeton et al., 2011) . Arctic WSPs are operated as controlled discharge storage ponds, where 75 the wastewater is held for an average of 200-250 days followed by the annual decant (emptying 76 of the WSP) at the end of the summer. Most communities do not have piped water and 77 wastewater infrastructure. Instead, individual homes have wastewater storage tanks, and waste is 78 collected using septic haulage trucks and transported to WSPs located on the edge of the 79 communities (Ragush et al., 2015) . New (Daley et al., 2015 (Daley et al., , 2017 . 98
To address the current gap in the knowledge of the presence and release of ARGs from 99 arctic WWTPs, the objective of the present study was to evaluate the occurrence of a broad range 100 of clinically relevant ARGs in raw and treated wastewater from wastewater treatment systems in 101 three Arctic Canadian communities (i.e., Clyde River, Pond Inlet and Iqaluit). This study 102 specifically compared the absolute and relative abundance of ARGs in effluent released from 103
WSPs that have long storage times (months) versus a mechanical filtration system with a short 104 hydraulic retention time (minutes). It was also hypothesized that ARG presence and abundance 105 in raw sewage would be greater in Iqaluit, which has a larger population and is the only 106 community in Nunavut that possesses a hospital. 107 108
Materials and Methods 109
Site Descriptions 110
The three study sites are all located on Baffin Island in the Qikiqtani Region of Nunavut 111 and vary in community size and wastewater treatment processes. Treatment performance 112 assessments were conducted on the WSP systems in Pond Inlet and Clyde River in 2013 and 113 2014 as part of a large study examining passive wastewater systems in Nunavut. The mechanical 114 WWTP in Iqaluit was sampled in 2015 in order to be able to compare ARG presence in passive 115 6 WWTPs operating in small communities to ARG presence in an active WWTP operating in a 116 larger community with a hospital. 117 118
Pond Inlet 119
The population of Pond Inlet (72°41'57''N, 77°57'33''W) is approximately 1,673, which 120 results in an expected sewage volume of 6.7 x 10 7 L per year being delivered to the WWTP by Material (Table S1 ). The following targets were measured in the study: class I integrase int1; 203 class A β-lactamase genes bla CTX-M and bla TEM ; macrolide-lincosamide-streptogramin type B 204 resistance gene erm(B); fluoroquinolone resistance gene qnr(S); sulphonamide resistance genes 205 sul1 and sul2; tetracycline resistance gene tet(O); and the methicillin resistance gene mecA. 206
Control plasmids for int1, bla TEM , sul1, and sul2 were obtained from Dr. E. Topp 207 (University of Western Ontario, London, ON, Canada) and described in Rahube et al. (2014) . 208
For targets bla TEM , erm(B), and qnr(S), products were amplified from northern WWTP 209 environmental genomic DNA (gDNA) samples using forward and reverse primers listed in Table  210 S1. PCR products were cloned into the plasmid pCR ® 2. 
Data Analysis 245
To account for between-run variation, raw data were exported from the Bio-Rad qPCR 246 system and imported into the Factor-qPCR program (Ruijter et al. 2015) . The program 247 automatically determined the fluorescence threshold for all samples and calculated the individual 248 threshold cycles and the efficiency values. The results were exported, and the mean sample 249 efficiency was calculated as the arithmetic mean of all replicates, excluding any replicates 250 exhibiting a 5% difference in mean efficiency. To account for differences in efficiencies, a one-251 point calibration (OPC) method for absolute quantification was used (Brankatschk et al., 2012) . 252
For relative quantification, the gene copy number of each individual gene was then normalized to 253 the gene copy number of the 16S rRNA gene in a given sample and log transformed (log(gene 254 copies/16S rRNA gene copies)). For absolute quantification, samples were normalized to the 255 initial water volume used for gDNA extraction to generate gene copies per mL of water. One-256 way analysis of variance (ANOVA), Tukey HSD test, and t-tests (SPSS Statistics for Mac; IBM 257
Corp., Armonk, NY) were used to assess statistically significant differences (P < 0.05). The across all three WWTPs (Table 1) . WSER values and other relevant guidelines were also 266 included in Table 1 to compare how the WWTPs were performing with respect to the Canadian 267 regulations. With the exception of ammonia levels, all values were higher than the specified 268 WSER values (Table 1) . The effluent water from the Iqaluit WWTP consistently exhibited the 269 highest values for CBOD 5 , TSS, E. coli and total coliforms, followed by Pond Inlet and lastly by 270 Clyde River. Overall, the reduction in nutrients and fecal indicator bacteria was greater in the 271 WSP-based treatment systems compared to the mechanical system in Iqaluit, likely due to the 272 longer retention times in the ponds (Table 1) . (negative values represent an increase). 291 g: Log removal (influent-effluent) is included in parentheses, all removal differences were 292 significant (P < 0.05) except for Iqaluit E. coli. 293 294
Fecal indicator bacteria in wastewater and receiving waters in Iqaluit 295
Regardless of whether the Iqaluit WWTP was functional or not, the mechanical treatment 296 yielded no significant difference in E. coli counts between influent and effluent samples, while 297 there was a slight but significantly (P < 0.05) higher total coliform count in the influent when 298 compared to the effluent (Table 1) . At low tide, all receiving water samples obtained from 299 Error bars represent the standard deviation (n-1). 313 314
Abundance of antibiotic resistance genes in raw and treated wastewater 315
The WSP systems significantly (P < 0.05) reduced the sum of all ARGs (copies/mL) 316 detected in the influent in Clyde River (449 copies/mL) and Pond Inlet (383 copies/mL) to 317 effluent contents of 290 and 205 copies/mL, respectively. In contrast, the mechanical system in 318 mL increased significantly (P < 0.05) from 7.7 to 13.3 gene copies/mL in the influent and 329 effluent, respectively (Figure 3c ). The 16S rRNA gene copy numbers in the influent dropped by 330 less than 1-log in the effluent water samples, illustrating the WWTPs affecting a slight decrease 331 in the overall number of bacteria being released into the environment (Figure 3a-c) . Interestingly, 332
16S rRNA bacterial populations in effluent samples were greater in Iqaluit (4 × 10 8 copies/mL) 333 than in Clyde River (2 × 10 7 copies/mL) and Pond Inlet (3 × 10 7 copies/mL). 334 influent and effluent samples while the mechanical treatment in Iqaluit did not (Figure 4) . 359
Moreover, the treatment method and total ARG concentration affected the effluent ARG profile, 360 which also differed among the communities ( Supplementary Material Figures S1 and S2) . 361
The relative abundance of the ARGs, a measure that expresses the frequency of an ARG 362 in the total bacterial population (here measured as 16S rRNA GCs), also varied across the three 363 In this study, three Arctic Canadian wastewater treatment facilities were investigated for 408 both water quality and the presence of antibiotic resistant genes in raw and treated wastewater. 409
Biological and chemical reaction rates are highly influenced by temperature, and given that the 410 air temperature often remains below 10°C during the summer in these northern communities, 411
these WWTPs present an interesting comparison to similar systems in southern Canada (Holeton 412 et al., 2011; Ragush et al., 2015) . Measurements of wastewater quality parameters showed that 413 current systems generally provide primary treatment only and would not comply with the WSER 414 that is implemented in southern Canada. The WSP systems in Pond Inlet and Clyde River 415 provided a greater level of treatment than the mechanical plant in Iqaluit, indicating that some 416 biological treatment is occurring in WSPs in this region. 417
Raw and treated wastewater samples taken from Iqaluit, Pond Inlet, and Clyde River 418 were all found to contain different absolute abundances and diversities of ARGs. Tundra 419 wetlands are also commonly used in many Canadian Arctic communities for municipal 420 wastewater treatment, and recent studies have shown that they can be effective in reducing 421 concentrations of conventional wastewater pollutants (Yates et al., 2012; Hayward et al., 2014) . 422
The ability of these systems to remove emerging contaminants, such as ARGs, warrants further 423 24 investigation. It should also be noted that in Pond Inlet and Clyde River wastewater is 424 transported from individual homes to the WSP using septic haulage trucks. Each truck would 425 contain wastewater from several households. Several samples were collected from different 426 trucks as they discharged their contents into the WSP, but there is uncertainty associated with 427 how well these sub-samples of raw sewage represent the entire community. 428
Treatment in WSP-based systems altered the ARG profile and caused a reduction in the 429 absolute number of E. coli, ARGs as well as the 16S rRNA GCs, indicating that WSP treatment 430 reduced the total bacterial counts, including ARG containing bacteria in the effluent. However, 431
the mechanical system in Iqaluit had no effect on the effluent ARG profile, E. coli, ARG or 432 bacterial (16S rRNA GC) loads exiting the WWTP, indicating a lack of microbial removal. 433
Overall ARG levels in the effluent from the three Baffin Island treatment facilities were lower at 434 ~2 log copies/ml compared to ≥ 4 log copies/ml in the effluent from the WSP in Cambridge Bay Research Station and influx of people from areas with higher antibiotic prescription rates and/or 446 natural/climatic differences between the Qikiqtani and Kitikmeot regions in Nunavut. 447
Interestingly, for the Clyde River WSP system, even though absolute ARG abundance 448 decreased throughout the treatment continuum, effluent samples were found to contain 449 significantly (P < 0.05) higher relative abundances of multiple ARGs (i.e., sul1, sul2, mecA, 450 tet(O), and qnr(S)) by the end of the treatment process, when compared to the influent levels 451
indicating that these ARGs were enriched in the overall microbial community during the lengthy could be due to the higher initial ARG load in Clyde River influent wastewater and also the fact 466 that in Clyde River, the decant does not always occur yearly due to their increased storage 467 capability. Therefore, there may be more available ARGs and time for vertical and horizontal 468 gene transfer to occur within the bacterial communities found in that WSP. This may explain the 469 increase in relative abundance in the Clyde River WSP versus the Pond Inlet WSP as well as the 470 mechanical system in Iqaluit with its short retention time. Taken together there appears to be a 471 trade-off whereby increased initial ARG load and/or retention time in the wastewater treatment 472 process improves organic material removal, but given the right circumstances may cause an 473 enrichment of ARB and ARGs. 474
It is also worth noting that the relative ARG abundance levels in the raw sewage coming 475 from Iqaluit were lower than in both Pond Inlet and Clyde River, despite a much larger 476 population in Iqaluit. This may be due to differences in the infrastructure among the in the raw sewage. Future research involving antibiotic residue analysis of wastewater samples 482 may help to provide insight into overall antibiotic pressure that is present in these wastewater 483 systems, and elucidate mechanistic causes of the different ARG profiles observed in raw and 484 treatment wastewater from the three communities. 485
When investigating differences between high and low tide ARG abundances in the 486 receiving waters in Iqaluit, it was expected that a higher abundance would be seen at low tide, 487 due to a dilution effect occurring at high tide. Sites A and B located closer to the WWTP were 488 less diluted, therefore it was not unexpected to see small differences between high and low tide 489 sampling. However, it was surprising to see an increase in relative ARG abundance at Sites D, E, 490 and F, due to their distance from the WWTP's discharge point in Koojesse Inlet and increasing 491 water depths. One explanation could be the presence of the boat launch, which extends out from 492 the natural shoreline, and may act as a flow barrier leading to increased sedimentation. This may 493 promote enrichment of ARGs in the sediment, which could be released during the tidal cycles 494 and weather events. The wave action was high during the low tide sampling, which may have 495 promoted the release of ARGs from the sediment. Given these data and the drastic tidal change 496 in Iqaluit (e.g. parts of Frobisher's Bay flow being exposed at low tide, with a daily tidal 497 variance of about 8 -12 m) (Environment Canada, 2016), it may be warranted to quantify the 498 presence of ARGs in the sediment in the receiving waters of Iqaluit. 499 500
Conclusions 501
This study provides evidence of the presence of low levels of multiple ARGs entering 502 and leaving three municipal WWTPs, which represent common wastewater treatment systems in 503 the Canadian Arctic. Overall, WSPs had better ARG removal compared to the mechanical 504 system. However, an enrichment of the relative ARG abundance was observed in one WSP with 505 longer holding times, illustrating the potential impact of such wastewater treatment systems on 506 the ARG enrichment processes. The data from this study provides the foundation for future 507 research efforts that focus on developing a complete understanding of the risk posed to the 508 indigenous populations who may be hunting and fishing in receiving waters. 509 510 assistance in this study. We are grateful to the Nunavut Research Institute for the use of 515 laboratory space in Iqaluit. Funding for this project was provided by the Natural Science and 516
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